Although tuberculin skin testing has been a hallmark of bovine tuberculosis eradication campaigns, it lacks sensitivity, can be confounded by exposure to nontuberculous mycobacteria, and cannot be repeated for 60 days due to desensitization. To overcome these difficulties, an effective whole-blood cellular immunoassay for bovine gamma interferon (IFN-␥) has been developed. The IFN-␥ test is commonly used in conjunction with tuberculin skin testing as a confirmatory test following a positive response to the caudal fold test (CFT). The present study was conducted to determine the effect of different tuberculin skin-testing regimens on IFN-␥ and antibody production by using calves that were experimentally infected with Mycobacterium bovis. Holstein calves were CFT tested 60 days after inoculation and the comparative cervical test (CCT) was conducted 7 (7-day CCT) or 55 (55-day CCT) days after the CFT. In both the 7-day CCT and 55-day CCT groups, IFN-␥ responses increased 3 days after the CFT; this was immediately followed by a decrease to pre-skin test levels 7 days after the CFT. In both groups, the application of the CCT at 7 or 55 days after the CFT resulted in no significant increase in IFN-␥ production. The administration of the CFT and the CCT to M. bovis-inoculated cattle boosted antibody responses to M. bovis PPD, rMPB83, ESAT-6, and the fusion protein Acr1-MPB83. The boosting effect was more pronounced in the 55-day CCT group. Increases in either IFN-␥ or antibody production were not seen in noninoculated cattle. Measurement of both IFN-␥ and antibody responses after skin testing may be useful in identifying M. bovis-infected cattle; however, the timing of collection of such samples may influence interpretation.
Mycobacterium bovis and M. tuberculosis are the primary causes of tuberculosis in cattle and humans, respectively. In 1890, Robert Koch demonstrated that intradermal instillation of live or killed tubercle bacilli or their extracts could elicit a delayed-type hypersensitivity response in guinea pigs that were experimentally infected with tubercle bacilli. Koch recognized the diagnostic value of such a response and termed the reaction the "tuberculin skin test" (22) . The tuberculin skin test has remained the primary diagnostic test for tuberculosis in both cattle and humans since that time. Although Koch initially used a poorly characterized concentrate of filtrate from heatkilled liquid cultures of M. tuberculosis, termed "old tuberculin" today, a purified protein derivative (PPD) from M. bovis or M. avium is used in the tuberculin skin testing of cattle (22) . PPDs are crude antigen preparations derived from heat-killed cultures of mycobacteria. Purified protein derivative contains a mixture of proteins, polypeptides, nucleic acids, and substantial amounts of polysaccharides (1) . The currently acceptable tuberculin skin test involves the intradermal injection of PPD from M. bovis or M. avium and the subsequent detection of swelling and induration at the injection site 72 h later.
In the United States, two types of tuberculin skin tests are used in cattle. The first is the caudal fold test (CFT), where PPD is injected into a fold of skin at the base of the tail. Skin measurements are not recorded; however, any palpable swell-ing or induration 72 h after injection is considered a positive reaction and the animal is considered a "reactor." Since animals that are infected or exposed to various nontuberculous mycobacteria (e.g., M. avium subsp. avium, M. avium subsp. paratuberculosis, M. kansasii, etc.) may show positive reactions on the CFT, a follow-up test, known as the comparative cervical test (CCT), is used after the CFT to differentiate true M. bovis infection from exposure to nontuberculous mycobacteria. To perform the CCT, two sites are shaved on the lateral side of the neck. Mycobacterium bovis PPD is injected into one site, and M. avium PPD is injected into the second site. The change in skin thickness due to swelling or induration is measured at both sites from preinjection to 72 h postinjection. The relative change in skin thickness at the two sites is used to differentiate true M. bovis infection from infection with nontuberculous mycobacteria. Although the identification and removal of tuberculous cattle through such testing have been effective in reducing the prevalence of bovine tuberculosis in most developed countries, problems do exist with such tests.
Studies have shown that tuberculin skin testing cannot be repeated within 60 days of initial tuberculin skin tests without suppression of responses that may erroneously categorize infected animals as noninfected (23) . Such suppression is present as early as 7 days after the initial test and may not return to normal for 50 to 60 days (5, 23) . Therefore, retesting of animals that yield marginal or ambiguous results is not generally done for approximately 60 days after the last tuberculin skin test.
In the United States, the estimated sensitivity values for the CFT and the CCT are 80.4 to 88.4% and 75%, respectively, and the specificity values are 96% and 98%, respectively (29) . Early studies in Australia determined the sensitivity and specificity of the CFT to be 72% and 98.8%, respectively (6) . The specificity of tuberculin skin testing can be reduced by exposure to nontuberculous mycobacteria, including M. avium subsp. avium and M. avium subsp. paratuberculosis.
To overcome some of the problems associated with tuberculin skin testing, a whole-blood cellular assay using a sandwich enzyme immunoassay for bovine gamma interferon (IFN-␥) was previously developed and found effective in the diagnosis of M. bovis infection in cattle (25, 32) . The IFN-␥ immunoassay for cattle uses two monoclonal antibodies, specific for bovine gamma interferon, that do not detect bovine alpha or beta interferons. The antibodies also recognize gamma interferon from sheep, goat, and buffalo but not pig, deer, or human (25) .
Previous studies have demonstrated the sensitivity and specificity of the IFN-␥ assay to be 81.8% and 99.1%, respectively, with slight variations depending on the study (26, 31, 33) . In the same group of cattle from one of the above studies, the sensitivity and specificity of tuberculin skin testing were 68.1% and 96.7%, respectively (33) . The IFN-␥ assay has been adopted in many countries and approved for use in the diagnosis of M. bovis infection in cattle. However, in most countries, it is approved for use in conjunction with tuberculin skin testing and is most commonly used in place of the CCT as a confirmatory test following the CFT. In the United States, blood for the IFN-␥ assay may be collected 3 to 30 days after injection of the CFT.
Various studies have been conducted in multiple countries to investigate the effect of prior tuberculin skin testing on IFN-␥ production and the interpretation of IFN-␥ assays (Table 1). Likely due to the highly variable conditions under which these studies were conducted, results have differed and range from no effect to an elevation or suppression in IFN-␥ production (5, 26, 27, 30, 31, 34) .
Serological tests to detect tuberculosis have long been desired due to their relative simplicity, robustness, and noninvasive nature relative to tests such as the tuberculin skin test. Early serological studies of bovine tuberculosis involved assays using unfractionated, highly cross-reactive antigen preparations, such as PPD, culture filtrates, or sonicates of M. bovis (4, 13, 18) . Most of these tests displayed cross-reactivity with nontuberculous mycobacteria, decreasing their specificity. More recent investigations have focused on responses to specific proteins that are isolated from M. bovis culture filtrate, such as MPB70, MPB64, MPB83, and others (4, 7, 8, 14) .
In general, serological assays for M. bovis infection are considered to be of lower sensitivity due to the theory that, early in M. bovis infection, cell-mediated responses predominate and that high antibody titers are seen in only the latter stages of disease. Some studies have shown that antibodies to various M. bovis components appear at different stages of disease and that elevated antibody titers may be correlated with advanced disease severity (7, 8, 12, 17) . It has also been shown that tuberculin skin testing boosts antibody responses in M. bovis-infected cattle (13, 14, 19, 27) . The objective of the present study was to investigate the effects of tuberculin skin testing (i.e., injection of PPD) on IFN-␥ and antibody responses using two different testing regimens that are used in the United States.
MATERIALS AND METHODS
Animals. Twenty-nine female and castrated male, 4-month-old, Holstein calves from tuberculosis-free sources were divided into four groups: inoculated 7-day CCT (n ϭ 10), noninoculated control 7-day CCT (n ϭ 5), inoculated 55-day CCT (n ϭ 9), and noninoculated control 55-day CCT (n ϭ 5). Cattle to be inoculated were inoculated intratonsillarly with 5 ϫ 10 3 CFU of M. bovis strain 1315 into each tonsillar crypt for a total dose of 1 ϫ 10 4 CFU, as described previously (27) . Strain 1315 was originally isolated in 1995 from a white-tailed deer in Michigan. For intratonsillar inoculation, cattle were sedated by intravenous (i.v.) injection of xylazine (0.025 mg/kg of body weight) (Mobay Corporation, Shawnee, KS). After inoculation, the effects of xylazine were reversed by i.v. injection of tolazoline (4 mg/kg) (Lloyd Laboratories, Shenandoah, IA). Animals were housed in biosecurity level 3 housing and fed commercial pelleted feed with free access to water. An outline of all procedures was approved by the National Animal Disease Center Institutional Animal Care and Use Committee prior to the beginning of the experiment.
Inoculum preparation. Inoculum consisted of mid-log-phase M. bovis grown in Middlebrook's 7H9 liquid medium supplemented with 10% oleic acid-albumindextrose complex (OADC; Difco, Detroit, MI) plus 0.05% Tween 80 (Sigma Chemical Co., St. Louis, MO) grown for 10 days at 37°C. To harvest bacilli from the culture medium, cells were pelleted by centrifugation at 750 ϫ g, washed twice with 1 ml of phosphate-buffered saline solution (PBS, 0.01 M [pH 7.2]), and diluted to the appropriate density. Enumeration of bacilli was performed by serial dilution plate counting on Middlebrook's 7H11 selective medium (Becton Dickinson, Cockeysville, MD). Inoculum was stored in 1-ml aliquots at Ϫ80°C until used. Twenty-four hours after freezing, a single 1-ml aliquot was removed and bacilli were enumerated by plate counting of serial dilutions on Middlebrook's 7H11 medium. At the time of inoculation, aliquots of inoculum were thawed and diluted to the appropriate concentration based on plate counts as described above. Plate counts were repeated on the day of inoculation to retrospectively confirm inoculum dosage.
Tuberculin skin testing. The CFT was administered to all calves 55 days after inoculation according to USDA guidelines. Briefly, 100 l (1.0 mg/ml) of M. bovis PPD (National Veterinary Services Laboratories, Ames, IA) was injected intradermally in the right caudal fold. Seventy-two hours later, the injection site was evaluated visually and by palpation for swelling and induration. Seven days after injection of the CFT, cattle in the inoculated 7-day CCT and noninoculated control 7-day CCT groups were administered the CCT test according to USDA guidelines. Briefly, after the clipping of hair from two sites on the lateral neck, 100 l (1.0 mg/ml) of M. bovis PPD and 100 l (0.4 mg/ml) of M. avium PPD (National Veterinary Services Laboratories) were injected intradermally into separate sites on the lateral side of the neck. Seventy-two hours later, injection on January 17, 2020 by guest http://cvi.asm.org/ sites were evaluated visually, by palpation, and by skin thickness measurements to the nearest millimeter, which were obtained using calipers. Change in skin thickness due to swelling or induration was calculated by subtracting the preinjection skin thickness from the postinjection skin thickness that was obtained 72 h after injection. Cattle in the inoculated 55-day CCT and noninoculated control 55-day CCT groups were evaluated by the CCT (as described above) 55 days after administration of the CFT. Gamma interferon production. Prior to inoculation and monthly thereafter, blood was collected for the evaluation of cell-mediated and humoral immune responses. Blood was also collected on the day of PPD injection and 3, 7, 10, and 15 days after PPD injection from all groups. Cell-mediated immune responses were evaluated by antigen-specific IFN-␥ production using a commercially available kit (Bovigam; Pfizer, Inc.). For the IFN-␥ assay, heparinized blood samples were dispensed in 1.5-ml aliquots into individual wells of a 24-well plate (Falcon 353047; Becton Dickinson and Company, Franklin Lakes, N.J.). Whole blood was incubated for 24 h with appropriate antigens. Plasma was harvested and stored at Ϫ80°C. IFN-␥ concentrations in stimulated plasma were determined by using a commercial enzyme-linked immunosorbent assay (Bovigam; Pfizer, Inc.). Absorbancies of test samples were read at 450 nm by using an enzyme-linked immunosorbent assay plate reader (Molecular Devices, Menlo Park, CA.). Duplicate samples for individual treatments were analyzed.
Serology. Antibody responses were evaluated for a panel of M. tuberculosis complex antigens by using the multiantigen print immunoassay as previously described (21) . The following recombinant antigens of M. bovis were purified to near homogeneity as polyhistidine-tagged proteins (Rv numbers according to the classification of Cole et al. [3] ): ESAT-6 (Rv3875), CFP-10 (Rv3874), and polyepitope fusions CFP-10-ESAT-6 and Acr1-MPB83, kindly provided by Peter Andersen, Statens Serum Institute, Copenhagen, Denmark; MPB59 (Rv1886c), MPB64 (Rv1980c), MPB70 (Rv2875), and MPB83 (Rv2873), kindly provided by John Pollock, Veterinary Sciences Division, Stormont, Belfast, United Kingdom (18); alpha-crystallin (Acr1, Rv3391) and the 38-kDa protein (PstS1, Rv0934), purchased from Standard Diagnostics, Seoul, South Korea. M. bovis culture filtrate was obtained from a field strain of M. bovis (T/91/1378; Veterinary Sciences Division, Belfast, United Kingdom) and kindly provided by John Pollock. Antigens were immobilized on nitrocellulose membranes (Protran BA83; Schleicher and Schuell) as narrow bands by using a semiautomatic air brush printing device (Linomat IV; Camag) at 50 g/ml in PBS. After antigen printing, the membrane was cut perpendicular to the antigen bands into strips that were 4 mm wide. Nitrocellulose strips were blocked for 1 h with 1% nonfat skim milk in 0.15 M phosphate-buffered saline plus 0.05% Tween 20 (PBS-T). Strips were incubated for 1 h with the serum samples diluted 1:50 in blocking buffer, followed by extensive washing with PBS-T. The strips were incubated for 1 h with alkalinephosphatase-labeled protein G (Sigma, St. Louis, MO) diluted 1:1,000 in blocking buffer and were washed again in PBS-T. Antibodies bound to printed antigens were visualized with 3,3Ј,5,5Ј-tetramethyl benzidine (Kirkegaard and Perry Laboratories, Gaithersburg, MD). The entire procedure was performed at room temperature.
Necropsy and tissue sampling. One hundred thirty days after inoculation, all calves were euthanized by i.v. sodium pentobarbital. At necropsy, the following tissues or fluids were collected and processed for the isolation of M. bovis and microscopic analysis as described previously (27): palatine tonsil, lung, liver, mandibular, parotid, medial retropharyngeal, tracheobronchial, mediastinal, hepatic, mesenteric, and prefemoral lymph nodes. Lymph nodes were cross-sectioned at 0.5-cm intervals and examined. Each lung lobe was examined separately and cross-sectioned at 0.5-to 1.0-cm intervals. Lungs and lymph nodes were subjected to semiquantitative scoring of gross lesions in a method adapted from Vordermeier et al. (28) . Lung lobes (left cranial, left caudal, right cranial, right caudal, middle, and accessory) were subjected to the following scoring system: 0, no visible lesions; 1, no external gross lesions but lesions seen upon slicing; 2, Ͻ5 gross lesions of Ͻ10 mm in diameter; 3, Ͼ5 gross lesions of Ͻ10 mm in diameter; 4, Ͼ1 distinct gross lesion of Ͼ10 mm in diameter; 5, coalescing gross lesions. The scoring of lymph node gross lesions was based on the following scoring system: 0, no visible lesions; 1, small focal lesion of 1 to 2 mm in diameter; 2, several small foci; 3, extensive lesions. Tissues collected for microscopic analysis were fixed by immersion in 10% neutral buffered formalin and included all tissues that were collected for bacteriologic examination. For microscopic examination, formalin-fixed tissues were processed by routine paraffin-embedment techniques, cut in 5-m sections and stained with hematoxylin and eosin. Adjacent sections were cut from samples containing lesions suggestive of tuberculosis (caseonecrotic granulomata) and stained by the Ziehl-Neelsen technique for the identification of acid-fast bacteria.
Statistical analysis. Means of IFN-␥ responses between groups were compared using one-way repeated measures analysis of variance (GraphPad Prism; GraphPad Software, San Diego, CA). Differences between means were then compared by using the Bonferroni method. Means of lesion scores between groups were compared using Student's t test. A P value of Ͻ0.05 was considered significant.
RESULTS

Intradermal skin testing.
Fifty-eight days after inoculation, all experimentally infected cattle were categorized as reactors by using the CFT. At the same time point, 9/10 noninoculated control animals were categorized as nonreactors, while 1/10 noninoculated control animals was categorized as a reactor. In practice, under current USDA guidelines, all animals that are categorized as reactors by using the CFT are subsequently tested by the CCT using one of the two methods described in Materials and Methods.
The 10 animals in the inoculated 7-day CCT group were categorized as reactors to M. bovis PPD according to USDA guidelines for the interpretation of the CCT. Conversely, the five calves in the noninoculated control 7-day CCT group were categorized as nonreactors to M. bovis PPD, including the animal that had been categorized as a reactor by the CFT. This particular animal had a change in skin thickness at the M. avium PPD injection site two-to eightfold greater than those of the other noninoculated control calves tested at this time point, suggesting prior exposure to nontuberculous mycobacteria.
All eight (one calf died unexpectedly from nontuberculosisrelated causes 11 weeks after inoculation) calves in the inoculated 55-day CCT group were categorized as reactors to M. bovis PPD according to the guidelines for the interpretation of the CCT. Conversely, all five calves in the noninoculated control 55-day CCT group were categorized as nonreactors to M. bovis PPD.
Gamma interferon production. In calves in the inoculated 7-day CCT group, IFN-␥ responses to M. bovis PPD, rESAT-6-CFP-10, and M. avium PPD were qualitatively similar but differed quantitatively (Fig. 1A) . Following the administration of the CFT at 55 days after inoculation, there was a significant increase in IFN-␥ production at 58 and 62 days after inoculation; this was immediately followed by a significant decrease in production 65 days after inoculation. Values from 65 days after inoculation to the termination of the study were not significantly different from pre-skin test values. Similar changes in IFN-␥ response were seen when rESAT-6-CFP-10 and M. avium PPD were used as antigens instead of M. bovis PPD (Fig. 1A) .
In noninoculated-control, 7-day CCT calves, responses to both M. bovis PPD and M. avium PPD followed the same pattern, with an increased response after the CFT; however, values did not differ significantly over the course of the study ( Fig. 2A) . Responses to rESAT-6-CFP-10 were significantly lower at all time points than those seen in response to M. bovis and M. avium PPDs.
In the inoculated 55-day CCT group, IFN-␥ responses to M. bovis PPD, M. avium PPD and rESAT-6-CFP-10 were qualitatively similar but differed quantitatively. Similar to the inoculated 7-day CCT group, following the administration of the CFT at 55 days after inoculation, there was a significant increase in IFN-␥ production in response to all three antigens, peaking at 58 to 62 days after inoculation, followed by a significant decrease in production 65 days after inoculation ( Fig. 2A) .
Values from 65 days after inoculation to the termination of the study were not significantly different from pre-CFT values. The administration of the CCT at 110 days after inoculation resulted in no significant change in IFN-␥ production in response to M. bovis PPD, M. avium PPD, or rESAT-6-CFP-10 stimulation.
In the noninoculated control 55-day CCT group responses to M. bovis PPD, M. avium PPD and rESAT-6-CFP-10 did not increase significantly after the CFT or CCT compared to pre-skin test levels. Values did not differ significantly over the course of the study (Fig. 2B ). Responses to both M. bovis PPD and rESAT-6-CFP-10 were lower than those seen for M. avium PPD.
Serology. Skin testing boosted antibody responses in M. bovisinfected cattle. Intriguingly, this effect was most pronounced in the inoculated 55-day CCT group after the CCT at 110 days after inoculation (Fig. 3) . In contrast, in the inoculated 7-day CCT group, the application of the CCT 7 days after the CFT boosted responses but, thereafter, antibody levels remained unchanged throughout the study. In all M. bovis-inoculated cattle, antibodies to MPB83, the fusion protein MPB83-Acr1, and M. bovis PPD were noted after tuberculin skin testing. Antibody responses to M. bovis culture filtrate and ESAT-6 were seen after tuberculin skin testing in 10 of 18 and 2 of 18 cattle, respectively. Tuberculin skin testing induced no antibody responses in noninoculated cattle.
Necropsy. All M. bovis-inoculated cattle developed gross and microscopic lesions that were consistent with tuberculosis (i.e., caseonecrotic granulomas with acid-fast bacilli) in at least one lymph node. The medial retropharyngeal lymph node was affected in all experimentally inoculated cattle. Other sites with on January 17, 2020 by guest http://cvi.asm.org/ gross or microscopic lesions included tonsil (11/18), mandibular lymph node (7/18), mediastinal lymph node (5/18), lung (5/18), tracheobronchial lymph node (4/18), liver (4/18), and mesenteric lymph node (1/18). The distribution of lesions and mean lymph node lesion scores did not differ between groups that were inoculated with M. bovis ( Table 2) . Mean lung lesion scores were significantly greater in the 55-day-CCT-inoculated group. Lesions were not seen and M. bovis was not isolated from control cattle.
DISCUSSION
In M. bovis-inoculated cattle, but not noninoculated cattle, the injection of PPD for the CFT induced a significant boost in IFN-␥ production in peripheral blood mononuclear cells in response to incubation with M. bovis PPD, M. avium PPD, and rESAT-6-CFP-10. These findings are similar to those seen by other investigators (2, 30) . Specifically, our findings are most similar to those reported by Buddle et al. (2) , where IFN-␥ responses were measured after tuberculin skin testing in M. bovis BCG-vaccinated, M. bovis-inoculated cattle. However, unlike the findings reported by Whipple et al. (30) , where the IFN-␥ boosting effects of PPD administration were seen 3 to 28 days after injection, in the present study, the boosting effects were seen for only 3 to 7 days. Differences between results seen by Whipple et al. and those in the present study may be due to cattle age differences (adult cattle versus 4-month-old calves) or the use of cattle that were sensitized with killed M. bovis VOL. 13, 2006 EFFECT OF SKIN TESTING ON IFN-␥ AND ANTIBODY RESPONSES 391
on January 17, 2020 by guest http://cvi.asm.org/ strain AN5 in the former study rather than M. bovis-inoculated cattle as were used in the present study. This is the first study to demonstrate a boost in IFN-␥ production by peripheral blood mononuclear cells in response to stimulation with rESAT-6-CFP-10. In M. bovis-inoculated cattle, responses to rESAT-6-CFP-10 were similar to those seen in response to M. bovis PPD stimulation. However, significantly decreased responses to rESAT-6-CFP-10 were seen compared to those with M. bovis PPD stimulation in noninoculated cattle, suggesting that specificity could be enhanced by using specific antigens, such as rESAT-6-CFP-10, in the IFN-␥ assay.
Differences between the results that were obtained in the present study and those reported previously (5, 26, 27, 30, 31, 34) may be due to differences in route of inoculation, natural infection versus experimental inoculation, stage of disease progression, methods and dosages of PPD used for skin testing, or differences in methods used to conduct or interpret the IFN-␥ assay. All calves in the present study were experimentally inoculated and evaluated at the same time point after inoculation. It is possible that results may differ if cattle are evaluated at various stages of disease progression. In the present study, two specific methods for use of the IFN-␥ assay in relation to tuberculin skin testing were evaluated. These methods were performed according to USDA guidelines. Dosages of PPD and methods used for tuberculin skin testing were also those approved by USDA.
Boosting of IFN-␥ responses after injection of PPD in M. bovis-inoculated but not noninoculated control animals potentially increases test sensitivity, enhancing the ability to identify M. bovis-infected cattle. In the United States, current recommendations are to collect blood for the IFN-␥ assay 3 to 30 days after injection of PPD for the CFT. The present study did not support a rationale for the 3-to-30-day time frame but, rather, suggests that, in order to benefit from the boosting effect of tuberculin skin testing, blood should be collected 3 to 7 days after the injection of PPD for the CFT.
Significant IFN-␥ responses to all three antigens used in the study were seen by 15 days after experimental inoculation with M. bovis. Elevations in IFN-␥ within 2 to 4 weeks of experimental inoculation are consistent with other studies using cattle that were experimentally inoculated with M. bovis (2, 27) . Similarly, hypersensitivity to tuberculin, resulting in positive tuberculin skin test results, usually occurs in cattle within 3 to 6 weeks after inoculation (6). Although responses to M. bovis PPD and M. avium PPD increased after the CFT in noninoculated cattle, the increases were not significant relative to pretuberculin skin test responses. Of note, however, was that responses to rESAT-6-CFP-10 were less affected by tuberculin skin testing than were responses to either of the PPD preparations. Minimizing the effect of tuberculin skin testing on noninoculated cattle would decrease the potential for false-positive results that may be created by application of the caudal fold test. Such issues become important as the prevalence of tuberculosis decreases and the positive predictive value of a positive tuberculin skin test also decreases. The application of highly specific ancillary tests, such as the IFN-␥ assay using specific antigens such as rESAT-6-CFP-10, will be warranted to clarify the true status of tuberculin skin test reactors.
An advantage of the IFN-␥ assay relative to tuberculin skin testing is that both sensitivity and specificity of the assay can be adjusted by altering the criterion for defining a positive reactor (29, 33) . This could be especially helpful in some situations, such as during an eradication campaign where maximum sensitivity is desired. The interpretation of results can be adjusted to maximize sensitivity at the cost of increasing the number of false positives.
Antibodies to MPB83 were boosted by tuberculin skin testing. MPB83 is a constitutively expressed, highly immunogenic, cell wall-associated glycolipoprotein, with high homology to MPB70 (15, 16) . Both MPB83 and MPB70 are major constituents of M. bovis PPD. Elevated antibodies to MPB83 have previously been seen after tuberculin skin testing in cattle that were experimentally infected with M. bovis (20) . Moreover, a positive relationship was seen between disease severity, bacterial burdens in lymph nodes, and MPB83 antibody responses (20) . Similar to the findings in the present study, Lyashchenko et al. noted a positive correlation between post-tuberculin skin testing antibody responses to MPB83 and IFN-␥ responses to ESAT-6 (20) . Although antibodies to the MPB83-Acr1 fusion protein were seen after tuberculin skin testing in M. bovisinoculated cattle in the present study, these same cattle did not develop antibodies to the Acr1 protein alone, suggesting that MPB83 is the major immunogenic component of the MPB83-Acr1 fusion protein. A similar failure to induce antibodies to Acr1 has been demonstrated previously (20) .
Tuberculin skin testing also resulted in a boosting of antibody production to ESAT-6. Similar findings have been described previously (20) . The protein ESAT-6 is cosecreted by members of the M. tuberculosis complex in a tight 1:1 complex with CFP-10 (24). Genes for both ESAT-6 and CFP-10 are absent in many nontuberculous mycobacteria as well as in the vaccine M. bovis BCG. However, esat-6 and cfp-10 are present in a subset of nontuberculous mycobacteria, such as M. kansasii, M. marinum, M. leprae, and M. smegmatis (9, 10, 11 ; N. C. Gey van Pittius, R. M. Warren, and P. D. van Helden, Letter, Infect. Immun. 70:6509-6510, 2002). Therefore, infection with or exposure to nontuberculous mycobacteria that produced ESAT-6 or CFP-10 could confound diagnostic tests based on these proteins.
The present study revealed different patterns of the tuberculin skin test-induced boost of antibody responses in inoculated 7-day CCT and 55-day CCT groups. Cattle in the latter group showed more striking anamnestic responses following CCT. Intriguingly, significantly higher lung pathology scores were found in this group compared to those of 7-day CCT animals. While reasons for this difference remain unclear, this finding is consistent with previous observations that greater skin test-boosted antibody responses are associated with severity of disease (20) .
No antibody was found in noninoculated control cattle, neither before nor after tuberculin skin testing. Thus, serological assays may have enhanced sensitivity if used in conjunction with tuberculin skin testing, whereas specificity should not be compromised.
In general, the current study demonstrates that the boosting effect of tuberculin skin testing on both IFN-␥ and antibody production takes place in only infected animals, is highly specific, and could be further explored for development of more sensitive diagnostic algorithms (i.e., caudal fold testing followed by IFN-␥ analysis and serology).
